Background: an overexpression of cyclooxygenase-2 (COX-2) has been seen in colon tumors; therefore, COX-2 specific inhibitors may be used as preventive agents. The aim of this study was to investigate the effect of both selective and non-selective COX-2 inhibitors on the incidence of colonic tumors in a model of chemical carcinogenesis in the rat.
INTRODUCTION
There are basically two strategies for the prevention of colorectal cancer (CRC): early detection of the disease and premalignant lesions, and chemoprevention. Early treatment of premalignant or early-stage malignant lesions decreases the incidence and mortality from CRC (1) (2) (3) . Chemoprevention is the use of chemical agents (pharmacological or not) to prevent the development of the carcinogenesis process. Various agents have been proposed as potential chemopreventive agents for CRC, including drugs such as COX inhibitors.
There is increasing evidence to suggest that acetylsalicylic acid and other nonsteroidal anti-inflammatory drugs (NSAIDs) reduce the risk of colorectal cancer. This observation is supported by both animal and human studies. Intervention data from familial adenomatosis coli establish that the process of human colonic adenoma polyp formation is affected by NSAIDs. A reduced risk has been found in both men and women for cancers of the colon and the rectum, and for the use of both ASA and other NSAIDs. The molecular mechanisms responsible for this chemopreventive action are not fully established, but there is a need to establish the dose, duration and frequency of use required for cancer-preventive activity (4) .
Cyclooxygenase (COX) is an enzyme that catalyzes the first steps in the synthesis of prostaglandins from arachidonic acid. There are two COX isoforms, which are structurally similar and catalyze the same chemical reaction, but which have different sites and times of action: COX-1 is constitutional, and is always expressed by all tissues, whereas COX-2 is inducible by various stimuli, generally associated with inflammation (acute and chronic) (5) (6) (7) .
The activity of COX-2 appears to be related to neoplastic proliferation in aberrant crypts of the colon by inhibiting apoptosis in tumor cells, inhibiting the function of natural killer (NK) T cells, and favoring tumor expan-sion by inducing angiogenesis within the tumor (8) . Apoptosis inhibition is related to tumor development and metastasis induction, while angiogenesis is related to local tumor growth and progression.
An overexpression of COX-2 has been observed in colon tumors. Numerous studies have isolated the enzyme cyclooxigenase-2 from the stroma of adenomas, and from the stroma and epithelium of CRCs (9) (10) (11) , and some authors have even related the extent of COX-2 expression to CRC survival rates (12) .
The aim of the present study was to assess whether selective and non-selective COX-2 inhibitors had an inhibitory effect on carcinogenesis as induced in the rat colon. As a secondary objective, a potential dose-dependent effect will be assessed by measuring two concentrations of the selective COX-2 inhibitor rofecoxib.
Rofecoxib possesses a much greater inhibitory effect than celecoxib, and has virtually no inhibitory effect on COX-1. Low doses of rofecoxib as employed in humans for acute and chronic pain are probably inefficient for the prevention of colon carcinogenesis, so we tested moderate and high doses of rofecoxib (1.2 and 3 mg/kg). ASA has been previously employed at a dose of 10 mg/kg for the prevention of induced carcinogenesis, but the effect for this dose has been seen in colonic crypts, and has a minor influence over developed tumors (13) (14) (15) (16) . So we tested high-dose acetylsalicylic acid -30 mg/kg.
Chemical carcinogenesis was induced to determine the effect of rofecoxib on induced tumor development. Colon carcinogenesis using 1-2 DMH induces the formation of aberrant crypt foci in the intestinal epithelium and promotes carcinogenesis after said induction. This dysplasic epithelium overexpresses COX-2, and COX-2 specific inhibitors may have a suppressive effect on induced colonic tumors.
MATERIAL AND METHOD
Sixty-five male Sprague-Dawley rats (OFA-SD-hr, Criffa, Spain), with a mean weight of 230 g (range 190-280 g), were used in the study. One week after acclimatization, the rats were distributed into four groups: a) control (n = 20) with chemical carcinogenesis using 1-2 DMH (Sigma-Aldrich, Spain); b) ASA (n = 15), with chemical carcinogenesis and the addition of acetylsalicylic acid at a dose of 30 mg/kg; c) low-dose rofecoxib (n = 15), with chemical carcinogenesis and the addition of rofecoxib at a dose of 1.2 mg/kg; and d) and high-dose rofecoxib (n = 15), with carcinogenesis and the addition of rofecoxib at a dose of 3 mg/kg.
Dietary and environmental conditions
Environmental conditions at the animal-storage area were: 12 h/12 h light/dark cycle (light from 8:00 am-8:00 pm); uniform temperature of 22 ± 2 ºC, and relative humidity of 60-70%. The diet provided was a maintenance diet supplemented with ASA at a dose of 600 ppm, and with rofecoxib at doses of 27 ppm and 58 ppm. The rats were fasted prior to surgery, and no bowel preparation was performed.
The study complied with the guidelines established by European Directive 86/609/EEC on the protection of animals used in experimentation.
Drug administration
After eight days for acclimatization, colonic tumors were induced with 1-2 DMH by administering 18 weekly subcutaneous injections at a weekly dose of 25 mg/kg of weight, and antiinflammatories were administered PO with the oral diet.
Follow-up and sacrifice
Animals were examined weekly, paying special attention to their weight, abdominal perimeter, presence and quality of stools, and presence of rectal bleeding. All animals were sacrificed at week 20 using an anesthetic overdose, with an initial intramuscular injection of ketamine, atropine and diazepam (50, 10, 40%, respectively) solution at a dose of 4 ml/kg. A midline laparotomy was performed and the entire colon was removed from the anus to the cecum, including also 1 cm of the terminal small intestine. The pieces were fixed in a 10% formaldehyde solution for histological examination.
Examination of colonic tumors
In the bowel we determined three parameters: number of tumors, tumor surface area, and percentage of tumor surface area (percentage of colon area occupied by tumor tissue). Percentage of tumor was determined by estimating the total colon surface area versus the tumor surface area in the colon. A histological study of colonic samples also determined histological type of tumors, histological grade, tumor invasion, and lymph-node involvement.
COX-2 colonic expression
COX-2 expression was measured in colonic adenomas and adenocarcinomas, and in normal colonic tissue near the tumors. An anti-COX-2 antibody was used (Santa Cruz Biotech., USA) by immunohistochemistry, looking for the positivity or negativity of its expression and for its localization. 
Statistical analysis
The study data were analyzed using the SPSS and G-Stat programs, and the statistical analysis was performed using one-factor ANOVA models (Scheffé test) and Chi-squared tables. We considered significant p values at 0.05.
RESULTS
The colonic tumors obtained in the 65 animals included in the study are analyzed below.
Mortality
The overall mortality rate in the study was 4.61% (3 out of 65 animals). There were two postoperative deaths in the control group, and another death occurred in the high-dose rofecoxib group, which were not replaced. Death was caused by a cerebral hemorrhage in the control group, and had no demonstrable cause in the rofecoxib group, with no recuperation of the third animal for postmortem study.
Alterations in colonic transit
No alterations occurred in the gastrointestinal transit; a macroscopic study of the colon after animal sacrifice did not find any totally -or partially-stenosing neoplasms. Increases in body weight were either positive or nil, but never negative (Fig. 1) .
Number of tumors
A total of 97 colonic tumors were found in the 62 animals studied, with a mean of 1.56 tumors per animal; 72 were malignant tumors (adenocarcinomas) and 25 were adenomas. The mean number of adenomas per animal was 0.40, whereas the mean number of adenocarcinomas was 1.16. The distribution of these tumors is shown in table I. Differences were significant in the number of colonic adenocarcinomas between groups. In the control group, the mean number of colonic adenocarcinomas was 1.55 tumor per rat, while in the high-dose rofecoxib and ASA groups this was 0.86, a significant difference with a p value < 0.05 (Scheffé test). The low-dose rofecoxib group had a mean number of adenocarcinomas of 1.2, with no significant differences versus the other groups.
Regarding colonic adenomas, the control group had the highest incidence with 0.65 adenomas per rat. In the ASA group, mean incidence was 0.53, in the high-dose rofecoxib group it was 0.38, and for low-dose rofecoxib the incidence of adenomas was nil. This latter group showed a significant difference versus the control group (p < 0,05, Scheffé test).
With regard to the location of colonic tumors, most occurred in the distal colon (57.14% in the distal 5 cm of the large bowel). 
Microscopic tumor surface area
Total colon tumor surface area for all animals included in the study was 31.56 cm 2 -0.12 cm 2 corresponded to benign tumors and the rest, 31.44 cm 2 , to adenocarcinomas. Mean tumor surface area was lower for adenocarcinomas in the high-dose rofecoxib group, but showed no relevant differences between groups.
Mean tumor area for adenomas was higher in the control group, 0.27 cm 2 versus the other groups (ASA 0.13 cm 2 , low-dose rofecoxib 0 cm 2 , and high-dose rofecoxib 0.11 cm 2 ). The difference between groups was not relevant (Table II) . 
Microscopic tumor percentage
Percentage results for adenomas were virtually negligible, since they accounted for only 0.11% of total colon surface area.
Considering colonic adenocarcinomas, we observed that the highest percentage was obtained in the control group, 4.56%, whereas it decreased slightly in the groups receiving ASA and low-dose rofecoxib to 2.94 and 3.52%, respectively, and was practically negligible in the group receiving high-dose rofecoxib, with a value of 0.55%. These differences were significant when the latter group was compared to the control group and the lowdose rofecoxib group (p < 0.01, Scheffé test) (Fig. 2) .
For colonic adenomas, results are similar to those obtained for tumor surface. The control group had the highest mean tumor percentage (0.21% in the control group, 0.17% in the ASA group, 0% in the low-dose rofecoxib group, and 0.09% in the high-dose rofecoxib group). Only differences between the control and low-dose rofecoxib groups were statistically significant (p < 0.05, Scheffé test) (Fig. 2) .
COX-2 colonic expression
This immunohistochemical determination was measured in colonic tumor tissue and the normal mucosa near the tumor. COX-2 expression was 6 times greater in adenocarcinomas, with a mean value of 0.0043 in adenomas and 0.27 in malignant tumors, a significant difference (p < 0.01, χ 2 ). In colonic adenocarcinomas a reduction in COX-2 expression was detected for low (and high) dose rofecoxib in relation to the ASA and control groups (p < 0.001, χ 2 ) (Table III) . This lower expression was only seen in the stroma and epithelium of adenocarcinomas but not in normal colonic tissue.
The same was detected for adenomas -COX-2 expression in adenomas showed a significant reduction in the rofecoxib group (p < 0.01, χ 2 ) (Table III) . When the overall results of COX-2 expression for adenomas and adenocarcinomas are analyzed, only the highdose rofecoxib group showed significant reductions versus the control and ASA groups (p < 0.05, χ 2 ). 
Histological study
Adenomas (n = 25) accounted for 25.77% of all tumors induced, and the remainder were adenocarcinomas (74.22% of neoplasms). Adenocarcinomas were well differentiated in 33.33% of cases, moderately differentiated in 37.5%, and poorly differentiated in 29.16% of cases. Lymphoid hyperplasia was found in association with any of the above situations with no relevant differences.
Regarding the extent of invasion in adenocarcinomas, most reached the submucosa (57.14%), and 42.85% invaded beyond the submucosa. A total of 344 epicolonic nodes (5.54 per rat, 4.77 per adenocarcinoma) were isolated, 18 (5.23%) of which contained adenocarcinoma micrometastases. None of the differences between groups regarding these parameters were significant.
DISCUSSION
Some studies have been published evaluating NSAIDs in the chemoprevention of drug-induced CRC in animal models, showing that NSAIDs reduce the incidence and multiplicity of these tumors (17) (18) (19) .
The efficacy of COX-2 selective inhibitors for CRC in animals derives from studies conducted in Min (Multiple Intestinal Neoplasia) mice with a dominant mutation in the APC (Adenomatous Colon Polyposis) gene, which is characterized by the development of multiple intestinal adenomas at an early age (20) . In these animals, the administration of celecoxib causes a greater reduction in the number of adenomas when compared to piroxicam. The administration of rofecoxib also causes similar effects in these mice (20) (21) (22) (23) . Subsequent studies have found a reduction of aberrant colon crypt foci by 40-49%, and significant reductions in the incidence of CRC and its multi- plicity when celecoxib was administered in animals exposed to a carcinogen. Few studies of rofecoxib have been reported, which has a 2 times greater selectivity for COX-2 than celecoxib (24, 25) .
Rofecoxib undergoes rapid absorption in rats, and dose increases greater than 5 mg/kg result in no increased drug plasma levels in the rat (26) . It is primarily excreted in the bile, and drug metabolites are not active in terms of cyclooxygenase 1 or 2 inhibition (27) . The doses used in this study, 1.2 mg/kg and 3 mg/kg, are high when compared to typical doses as used in arthritis and acute pain, but according to clinical studies on pharmacokinetics, COX-2 inhibition is greater at higher doses, and the tolerability of these high doses was acceptable (28) .
In October 2004, rofecoxib was withdrawn by MSD to avoid some cardiovascular events found in the APPROVe study on the prevention of colonic adenomas in humans. This withdrawal affects clinical use, but the investigation of selective COX-2 inhibitors in CCR must continue, and rofecoxib is the drug with the highest power for COX-2 inhibition.
Most studies only refer to the number of colon tumors and omit parameters as important as tumor surface area and percentage. As we are not referring to aberrant crypt or dysplasic foci, but induced colon tumors, we believe that the microscopic tumor percentage should be evaluated, as it is the most reliable indicator of induced carcinogenesis and the only parameter relating the amount of tumor tissue to the size of the colon studied. The carcinogenic experimental model used here is widely accepted in animal experimentation for CRC (29, 30) , with around 60% of induced tumors being found in the distal large bowel with a similar distribution to that seen in humans (31) .
For induced colonic adenomas we found that the number of tumors and tumor percentage were significantly lower in the group with low-dose rofecoxib. In spite of the low incidence of adenomas in the study, we can observe an important reduction of benign tumors in the group with a low-dose COX-2 inhibitor.
In relation to induced colonic adenocarcinomas, we have found a significant reduction in their number when ASA and high-dose rofecoxib were given. When the percentage of tumor surface is analyzed, only high-dose rofecoxib showed a significant reduction. Low-dose rofecoxib did not show a significant reduction in adenocarcinomas as opposed to the results for adenomas. These results agree with those recently published by Oshima et al. thus proving that rofecoxib induces a dose-dependent reduction in the number and size on induced colonic tumors (22) .
The reduction in induced carcinogenesis caused by COX-2 inhibition has been accompanied by significant reductions in COX-2 expression, as measured by immunohistochemistry in colonic tumors.
With our results, prevention results from the addition of high-dose rofecoxib in colonic induced adenocarcinomas in rat models. Low-dose rofecoxib showed this same effect in benign tumors -colonic adenomas. May we say that non-selective COX-inhibitors such as ASA or selective COX-2 inhibitors at low doses are inefficient to prevent colonic carcinogenesis? In this study we chose 30 mg/kg of ASA since in previous studies doses of 10 mg/kg were useless or only caused a decreased promotion of dysplasic colonic crypts (13) (14) (15) (16) 32) , but with no a clear effect on colonic neoplasms (33, 34) .
Recently, Becerra et al. (13) found increased toxicity and lack of efficacy regarding rofecoxib in combination with chemotherapy in the treatment of metastatic colorectal cancer. The dose of rofecoxib employed in their clinical study was 50 mg/day; with this dose, the potential reduction of carcinogenesis was not reached. In our opinion, a dose of 50 mg/day of rofecoxib is insufficient. The dose that we have found to be effective in the reduction and prevention of pharmacologically induced colonic carcinogenesis was 3 mg/kg/day. Rofecoxib at a dose of 25 or 50 mg/day is useful for acute and chronic pain, but if we want an effect on the prevention of colorectal cancer, doses must be higher.
These experimental results will need further clinical studies to investigate these doses in human colorectal cancer. We think that additional studies with more patients are needed, including studies with higher doses of rofecoxib, to clarify the role of rofecoxib in colorectal cancer.
